**Introduction:** Alzheimer\'s disease (AD) begins to develop decades prior to its clinical manifestation (Sperling et al., 2011), and while it is the most common form of dementia, as of yet there is no cure. Two of the most researched pathological features contributing to disease development are the extracellular amyloid plaques composed of amyloid-beta proteins (Aβ) and neurofibrillary tangles of tau proteins. Another feature of AD is the progression of early neuronal excitability/hyperactivity to silencing/hypoactivity (Palop and Mucke, 2010), with hypoactivity explained by the synaptic failure hypothesis (Selkoe, 2002). *In vitro* and animal model studies have demonstrated that Aβ pathology associates with increased excitability of hippocampal neurons. Furthermore, hippocampal hyperactivity has been reported in human subjects at high risk for developing AD. In an effort to identify possible factors involved in this progression of neuronal activity in AD, we reviewed the literature and identified a novel interaction between Aβ, glycogen, neurons, and astrocytes with a focus on events in the synapse.

**Neuronal activity:** Within the brain, Aβ is released at the presynaptic sites, and increased neuronal activity leads to higher levels of Aβ within the interstitium (Palop and Mucke, 2010). Normal levels of Aβ (pM) augment synaptic activity (Palop and Mucke, 2010; Puzzo and Arancio, 2013; Fogel et al., 2014), but higher levels of Aβ (nM) act as a negative feedback mechanism and inhibit synaptic activity (Palop and Mucke, 2010; Puzzo and Arancio, 2013). Thus, under normal conditions, elevated levels of Aβ would be expected to homeostatically inhibit neuronal activity. However, in AD there is chronic elevation of interstitial Aβ levels because of oversecretion due to neuronal hyperactivity (Cirrito et al., 2005) and reduced clearance at the blood-brain barrier (Bateman et al., 2006). This elevation of Aβ then results in misfolding and accumulation into pathological amyloid plaques (Selkoe, 2002; Palop and Mucke, 2010). These plaques then serve as a reservoir of toxic oligomeric Aβ species (Selkoe, 2002; Sheng et al., 2012; Klein, 2013) that may lead to neuronal and synaptic loss. This synaptic loss has been directly correlated to decreased cognition in rigorous studies by Scheff (Scheff and Price, 2006). Chronic elevation of Aβ leads to negative feedback (Puzzo and Arancio, 2013) and neuronal hypoactivity (Sheng et al., 2012).

**Synaptic energy:** Metabolic dysfunction and neuronal excitability are linked, as synaptic activity is coupled to energy supply, with 97% of the energy for a resting neuron being supplied by the mitochondria. The increased energy demands of active neurons are met with an increased reliance on glycolysis (Bélanger 2011) with astrocytes increasing additional nutrient supply *via* the glycogen-lactate shunt (Bélanger et al., 2011; Stobart and Anderson, 2013). Stimulation of astrocytes results in increased intracellular calcium levels, which then result in the following: glucose uptake, vasodilation, astrocyte glycogenolysis, and release of adenosine and adenosine triphosphate (ATP) (Maragakis and Rothstein, 2006; Hertz et al., 2007; Bélanger et al., 2011; Obel et al., 2012). Thus, increased synaptic activity results in increased nutrient delivery in the brain (Bélanger et al., 2011). Pathologically, astrocyte dysfunction with reduction of nutrient delivery to the neurons could in part contribute to the metabolic dysfunction (decreased nutrient delivery and glucose utilization), leading to AD pathology.

**Glycogen:** The main energy supplies in the brain are glucose and glycogen. Glycogen is primarily located within astrocytes, stimulated by insulin (Brown, 2004), and serving as the largest energy reserve in the brain (Bélanger et al., 2011). Astrocytes convert glycogen stores to lactate, which is then supplied to the neurons (Bélanger et al., 2011). There is a tight coupling between neuronal activity and glycogen mobilization (Bélanger et al., 2011), and as such, glycogen stores correlate with cognition (Bélanger et al., 2011). Importantly, astrocyte glycogen is concentrated around synapses and is known to be important for synaptic activity, and associated with greater synapse protection (Brown, 2004; Bélanger et al., 2011). While glycogenolysis satisfies increased synaptic energy demands in the short term, it also occurs when glucose levels are normal (Brown, 2004; Hertz et al., 2007; Bélanger et al., 2011). This is likely because the energy yield is 50% greater when using glycogen instead of glucose as a substrate for glycolysis (Hertz et al., 2007; Obel et al., 2012). Thus decreased glycogen levels correlate with decreased cognition and synaptic loss.

Measurement of glycogen levels throughout the course of AD is not currently documented in the literature, but would be warranted to further understand any possible correlation between glycogen levels and cognition in AD. We propose that glycogen levels may be reduced in AD, with decreased glycogen synthesis and increased glycogenolysis occurring at the same time (**[Figure 1](#F1){ref-type="fig"}**). First, glycogen synthase kinase 3β (GSK-3β) activity is upregulated in AD (Llorens-Martín et al., 2014), and because GSK-3β inhibits glycogen synthase (Brown, 2004), this will result in diminished glycogen synthesis. Tangentially, GSK-3β is also associated with tau pathology in AD (Llorens-Martín et al., 2014). Second, adenosine binding to adenosine A2 receptors (A2A) increases the rate of glycogenolysis, at least in cultured astrocytes and brain slices (Xu et al., 2014). The A2A are located on synapses where they alter metabolism, neurotransmitter release (acetylcholine and glutamate), and modulate cognitive function (Gomes et al., 2011). Of note, the pathological upregulation of A2A receptors in AD (Gomes et al., 2011) may result in depletion of brain glycogen levels. Thus the loss of glycogen is linked to decreased cognition (Stobart and Anderson, 2013) and synaptic dysfunction (Sheng et al., 2012).
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**Hyperactive state:** Increased neuronal activity results in the synaptic release of amyloid-beta (Aβ) and glutamate, with Aβ (pM levels) feedback to further increase synaptic activity. Neuronal activity (*e.g*., glutamate ◇) stimulates the astrocytes and results in several changes in the astrocyte and their glycogen concentration. For example, increased levels of calcium lead to increased glycogenolysis, glucose uptake and vasoactive substance release by the astrocyte end-feet surrounding blood vessels. Homeostatic mechanisms, such as elevated levels of Aβ (nM) and adenosine A2A re-ceptors (A2A) exist to reduce neuronal hyperactivity. A pathological hyperactive state occurs early on in AD progression, during the stage of mild cognitive impairment (MCI). It is likely that dysregulation of the homeostatic mechanisms of Aβ and A2A, along with depleted glycogen reserves lead to subsequent hypoactivity. **Hypoactive state:** This state occurs later in AD, and we speculate it to be the result of chronic hyperactivity. For example, it is known that the combination of increased synaptic secretion and reduced clearance of Aβ result in the misfolding and polymerization of Aβ, which accumulate as amyloid plaques (multiple □). These plaques serve as a reservoir of oligomeric Aβ (dimer □). The elevated levels of Aβ (nM) inhibit synaptic activity and result in neuronal death (death depicted by dotted lines). Astrocytes also become activated (depicted by star shape), but this is not discussed in the text. In AD, cerebrospinal fluid (CSF) Adenosine triphosphate (ATP) levels (Coskuner and Murray, 2014), brain glucose utilization, and blood flow are all decreased (reviewed by Murray et al., 2011), while A2A levels are upregulated (Gomes et al., 2011). Although glycogen levels have not been measured in AD, based on reasons given in the text, we predict that glycogen levels will be low. Thus we have linked Aβ, glycogen, and A2A levels to the progression of hyperactivity to hypoactivity. ◇ Glutamate; ⌂ Glucose transporter; ◼ vasoactive sub-stances; □ amyloid beta (Aβ) - monomer, oligomer and fibril (shown as dimers and multimers respectively); ○ glucose.](NRR-10-1023-g001){#F1}

**Speculation as to the cause of initial neuronal hyperactivity:** We examined possible factors involved in the progression of neuronal hyperactivity to hypoactivity in AD (**[Figure 1](#F1){ref-type="fig"}**), but have not addressed the initial causation of hyperactivity. One hypothesis is that the hyperactivity compensates (Mormino et al., 2012; Elman et al., 2014) for neuronal and synaptic loss during early AD. The studies by Scheff indicate that synaptic loss in early AD, directly correlated to cognitive loss (Scheff and Price, 2006). These studies also found that although there was a loss of synapse numbers, in the remaining synapses there was an increase in the size of the total contact areas, which the authors suggested to be a synaptic compensatory mechanism in response to AD pathology (Scheff and Price, 2006). The initial neuronal loss may be due to metabolic dysfunction *via* reduced glucose utilization (*e.g.*, insulin resistance in the brain, also termed Type 3 diabetes) or hypoperfusion (Beach et al., 2007; De La Monte, 2012). Metabolic dysfunction increases Aβ generation (reviewed by Murray et al., 2011), and reduced ATP levels increase formation of Aβ oligomers, at least *in vitro* (Coskuner and Murray, 2014). Thus the elevation of Aβ will initially lead to neuronal hyperactivity (Puzzo and Arancio, 2013), and any generated toxic Aβ oligomers will cause cell death (Klein, 2013) (**[Figure 1](#F1){ref-type="fig"}**). Thus, it is quite possible that metabolic dysfunction underlies the early changes in AD, including neuronal hyperactivity and death. This suggestion is bolstered by epidemiological findings where metabolic diseases, such as obesity in middle age and type 2 diabetes, are associated with increased risk of AD (Barnes and Yaffe, 2011).

**Conclusion:** Neuronal hyperactivity may compensate for cognitive declines in AD. Such hyperactivity results in elevated Aβ, A2A and reduced glycogen stores, which would normally feedback to reduce hyperactivity (**[Figure 1](#F1){ref-type="fig"}**). Pathologically, chronic activation of such feedback would result in hypoactivity and cell death. We have used the current literature to delineate these linkages between Aβ, glycogen and neuronal activity in AD. Thus, excessive Aβ generation, astrocyte stimulation during neuronal hyperactivity, along with reduced glycogen storage, may lead to neuronal hypoactivity. We look forward to direct experimental verification of these links, which we have identified within existing publications.
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